ABSTRACT In this paper, the wireless power transfer (WPT) system with dynamic loads such as batteries is studied comprehensively. An integrated control technology of load estimation and power tracking of LCC compensated is proposed, which realizes load estimation, mode judgment and charging control at the transmitter, and standard load setting and decoupling control at the receiver. Based on the influence of reflection impedance on the output current of the inverter, a method of identifying coupling coefficient and equivalent load is proposed and a mathematical model is established. Receiver controller provides standard reference load for load estimation. Transmitter controller judges battery status according to the estimation of equivalent load and adopts double closed-loop control to regulate power and current. Receiver decouples control when battery charging voltage reaches the threshold, and providing mode conversion sign for transmitter controller to realize constant current (CC) and constant voltage (CV) charging of battery. The Dual-sides integrated control scheme has no data communication between transmitter and receiver, so it can control independently, which reduces the complexity of the system and is suitable for different charging modes. The proposed controller is more efficient as it maintains a track current, and dynamically alters the pick-up characteristics to suit the load demand. Finally, the simulation and experimental results validate the feasibility of proposed control method, which realizes the estimation of the load and CC/CV charging of the battery. The proposed WPT system achieved the efficiency at 91.16% while delivering 2 kW to the load with a vertical air gap of 150 mm.
I. INTRODUCTION
Wireless Power Transmission (WPT) or Contactless Power Transmission (CPT) achieves the power transmission without physical connection, which makes up for the shortcomings of traditional power transmission methods [1] , [2] . Wireless charging will promote the development of electric vehicles (EVs), because it provides more convenient, reliable and safer charging options than conductive charging [3] , [4] . There are many research fields in WPT for EVs, especially the WPT system is sensitive to coupling coefficient, air gap, resonant frequency, and load change, which makes it hard for
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When the resonant frequency, position, parameters and load of the wireless charging system change, which result in a higher volt-ampere rating and lower power transfer efficiency [8] . Therefore, resonant compensation is an important part at the transmitter and receiver of the system. Different compensation topologies have been proposed and implemented to tune the two coils working at a resonant frequency in a wide range of applications. there are four basic compensation topologies, namely Series-Series (SS), SeriesParallel (SP), Parallel-Series (PS) and Parallel-Parallel (PP), are widely adopted for EV applications [9] , [10] . Many other novel compensation topologies are also used to improve the power transfer efficiency and to simplify the control of WPT systems. Literatures show that LCL topology [11] and series LC topology [12] are the commonly used primary compensation networks for WPT. Compared with series LC, LCL performs better in power conversion efficiency over the full range of coupling and loading imposed, and its constant current source characteristic make its closed-loop control implementation easier. More advantageous compensation topologies are put forward in [13] - [15] . The double-sided LCC compensation topology is outstanding since not only is its resonant frequency independent of coupling coefficient and load condition, but also its advantages of facilitating zero voltage switch (ZVS) or zero current switch (ZCS) of the inverter, realize CC charging at zero phase angle (ZPA) condition, increasing lateral misalignment tolerance, and improving WPT efficiency have been demonstrated.
The other problem with WPT charger systems is implementing a charge process for EV batteries. Since batteries are considered to be varying loads during charging, the charge converter needs to regulate its output precisely to implement the constant current (CC) charge and constant voltage (CV) mode charge [16] . Thus, meticulous control and tuning of the inverter is necessary since the load varies violently as the receive coil moves with the online EV. This adds to the control complexity and may reduce systematic reliability. In order to improve battery life and charging efficiency, it is necessary for a charger to provide accurate charge current and voltage through stable operations. In recent years, various control strategies have been studied to provide the required output current or voltage for time-varying loads at different charging stages [9] , [17] - [24] . The traditional control method is to use wireless communication to send the load state information to the transmitter controller to adjust the output power of the inverter to achieve CC/CV charging in [9] . In order to simplify the control of an WPT charger system and avoid the above drawbacks of conventional control methods under wide variations of the load in implementing the CC/CV charge, some researchers have started to utilize the load-independent characteristics of the compensation topologies at their resonant frequencies [17] , [18] . [19] proposes a design method which makes it possible to implement the CC/CV mode charge with minimum frequency variation during the entire charge process by using the load-independent characteristics of an WPT system under the ZPA condition without any additional switches. But, frequency variation may result in a bifurcation phenomenon, where the controllability and stability of the system are lost. In order to realize ZPA condition in the whole charging process, a switchable hybrid topology is proposed in [19] , and [20] . CC and CV charging are realized in different compensation topologies. However, the addition of switches complicates the system, and changes in system parameters can also lead to instability. In [21] , a new control technique was proposed, which only employs the controller at transmitting end and load identification approach to adjust charging voltage/current for SS and SP compensated WPT systems. The advantages are that dual-side wireless communication for real-time charging current/voltage adjustment is avoided as well as it is suitable for different charging modes. However, switching between two kinds of topologies is still needed. For the CC/CV charging control at constant frequency, some approaches employ a backend DC/DC converter to control the output current or voltage while the front-end converter operates at the resonant frequency to achieve the ZPA condition in [22] and [23] . However, this increases the component counts, losses and complexity. In [24] , DC/DC converters are used for decoupling control rather than CC or CV charging.
In [25] , and [26] , a single primary-side controller based on phase shift H-bridge inverter are proposed to adjust the charging current or charging voltage against various load, may make it hard for the High frequency inverter to achieve ZVS in full load range, especially with light load condition. Then, the primary-side control method that realizes CC/CV charging for battery is analyzed, which is the main contribution of this paper.
The objective of this research is to study and develop a new integrated control strategy for load and power tracking that realizes CC/CV charging for LCC compensation through the double-loop controlled phase shift H-bridge inverter and load identification approach. The system adopts dual-side controller to avoid wireless communication, and the mathematical models of load estimation and mode judgment are derived by using the topological compensation characteristics of double-sided LCC. The working state of the battery is fed back to the transmitter controller by reflecting the impedance of the receiver, and the coupling coefficient of coils and load value are estimated. The transmitter judges the charging mode according to the estimated load, adjusts the output power of the inverter, and maintains CC/CV charging by phase-shifting control. In CC mode, the transmitter can transfer more power and prevents overloading. In CV mode, the output power can be adjusted according to the charging curve. The receiver control circuit adopts Buck-Boost structure. Different from the traditional impedance matching or CC/CV charging control mode, the receiver controller sets the standard reference value of load estimation control by impedance matching. Buck-Boost converter operates in switching mode during charging. When the charging voltage reaches the reference value, the switching action changes the reflection impedance and provides the mode conversion mark for the transmitter. Based on the feedback signal and the amount of transferred power, the controlling module continuously adjusts the transmitting coil current during the charging.
The rest of the sections are organized as follows: Section II gives the system structure and basic theoretical analysis. Section III proposes the integrated control method of load estimation and power tracking, and then the double closedloop PI controller of transmitter and receiver is designed. Section IV validates the proposed method with simulations and experiments. Finally, last section summarizes the conclusions drawn from the investigation. 
II. SYSTEM STRUCTURE AND THEORETICAL ANALYSIS
In this section, the system structure and methodology for analyzing the WPT system are discussed. Then, basic output characteristics for LCC compensation are analyzed to propose the Integrated control method on the transmitting side and the receiving side.
A. WIRELESS POWER TRANSMISSION SYSTEM TRUCTURE
In this paper, the most widely used variable impedance load battery is taken as the research object. Charging characteristic curve of the battery is shown in Figure 1 . Charging process includes CC/CV charging. In CC stage, the output power of the power supply increases with the increase of the battery terminal voltage, while the equivalent impedance of the battery increases with little change. In the CV stage, the charge current and power decrease, and the equivalent impedance of the battery increases rapidly.
Therefore, the output power of the inverter should be adjusted with the change of the state of charge (SoC) of the battery.
According to the characteristics of battery charging, WPT system should have the following performance: 1 Load-independent CC or CV output mode. 2 Resonant frequency with ZPA. 3 High frequency inverters keep ZVS running. 4 The transmitter and receiver keep the unitypower factor in operation. 5 Controllable output power can be achieved under variable coupling and load conditions.
The WPT system consists of LCC compensation on the transmitting side and the receiving side, as depicted in Figure 2 .
In the figure, Z Leq is the equivalent load, Z rec is the input impedance of the rectifier, Z R is the equivalent impedance of the receiver, Z T is the equivalent impedance of the transmitter, and Z in is the input impedance of the system. Z req = R req + jX req is the reflected impedance from the receiver to the transmitter. The transmitter uses phaseshifted full-bridge inverters to convert DC power supply to high frequency AC power supply. After LCC compensation, the transmitter coil is stimulated to transmit power to the receiver. The transmitter controller has the functions of load estimation, receiving mode judgment and power control.
In order to meet the needs of power management and load estimation at transmitter, a transmitter feedback method for wireless energy transmission system is proposed. a feedback method for wireless energy transmission system is proposed, which transmits the working status information of the receiver to the transmitter.
The receiver adopts cascaded Buck-Boost converter topology. When the charging path is switched between on and off, the reference load and mode conversion flag are provided for the transmitter, so that the power supply provides the target power to the load.
B. MODEL ANALYSIS OF RESONANT NETWORKS
The decoupling simplified circuit of the two-sided LCC compensation network is shown in Figure 3 .
Compare Figures 2 and 3 , we can get the following relationship.
where V inv is inverter output voltage, V rec is rectifier output voltage of receiver, R Leq is equivalent load of battery and DC/DC converter, R rec is input resistance of rectifier. According to Kirchhoff's voltage law, the WPT system can be described by the following equations
where
Voltage equation of transmitter and receiver are expressed as:
FIGURE 2. WPT system with LCC compensation. Because R t = R r ωM , when the following conditions are satisfied:
Combined with (5)- (8), the phase current of compensation network can be derived as (10) where, k is coupling factor. From (10), I o depends only on V inv , operating frequency and component parameters. Therefore, LCC compensation topology network has constant current output characteristics. Input impedance of system is expressed as: 2 Z r (11) where, Z r is receiver equivalent impedance:
In order to achieve the ZPA condition at resonant frequency, the imaginary part of Zin should be zero. In CC mode, the first term on the right side of (11) is zero when the resonant frequency satisfies (7). Therefore, ZPA can be satisfied only if the imaginary part of the second item is zero. That is, when C ts compensates L t and resonates with C tp , L rs and C rs also resonate.
By substituting (7), (8), (13) and (14) into (11), the resonant frequency of the system is given by (15) .
In the resonance conditions shown in (15) , the Input impedance of system can be simplified as follows:
Due to the symmetry of the double-sided LCC compensation network, the input current I inv , and the current in the receiving coil I r can be written as (18) From (9), (10), (17), and (18), it is obvious that V inv is in phase with I inv and V o is in phase with I o . Zero phase angle is achieved, and no reactive power is needed from the power source. Moreover, the output current I o lags the input voltage V inv by 90 • . Therefore, V inv leads V o by 90 • and the energy resonates between the transmitter and receiver back and forth. This minimizes the reactive power in the transmitter, so the unity-power factor can be realized on both sides of the circuit.
In this lossless analysis, the input power equals to the output power. Therefore, the expression of the system power is given by
It can be seen that the output power is proportional to the coupling coefficient k, and the input voltage V inv , and the output voltage V o . the charging power can be controlled by switch the system between the maximum and zero output power.
III. THE PROPOSED THE INTEGRATED CONTROL METHOD
Because the quality factor of LCC resonant compensation matching circuit is high enough (usually greater than 3), which is equivalent to low-pass filter, it can filter out most of the high-order harmonic, only allow the fundamental component to reach the transmitting coil, so as to maximize the use of inverters and reduce the reactive power. Therefore, the inverter is regarded as the first harmonic voltage source V inv with angular frequency w, ignoring the high frequency losses caused by L ts and C tp .
The integrated control of the system includes three parts: load estimation and mode judgment setting at the transmitter, power regulation setting at the transmitter, load regulation and decoupling control at the receiver.
A. LOAD REGULATION AND DECOUPLING CONTROL
The receiver adjusts the standard reference load by Buck-Boost converter and maps it back to the transmitter. According to the change of the inverter current, it provides a reference standard for the load identification at the transmitter.
For dynamic loads such as batteries, it is difficult to optimize the load in real time by impedance matching. The feedback method presented in this paper is different to the prior art demonstrated in other literature. The main difference is that the Buck-Boost converter is used as a switching mechanism to decouple the receiving coil to determine transmission energy rather than as a variable resistance to regulate the transmission energy and CC or CV charging control. In this manner, the secondary side has high efficiency and variations on the transmitter are more evident.
The standard reference load and decoupling control block diagram are shown in Figure 4 . The receiver control consists of double closed-loop control, the outer loop is the reference equivalent load control, and the inner loop is the decoupling control.
1) STANDARD REFERENCE LOAD CONTROL
At the start of charging, when the battery voltage V L < V L,r , the receiver works in the reference load regulation mode to introduce the known standard load R x for estimating mutual inductance of the transmitter. Cascaded Buck-Boost converter achieves ideal mutual inductance estimation condition by adjusting duty cycle to make equivalent load R rec = R x .
Two active switches of cascaded Buck-Boost converter run in two operation modes, buck or boost, according to the system control. The buck operation mode is controlled when the rectified input voltage is greater than the output voltage. In the boost operation mode, the peak voltage of the input is smaller than the output voltage. Equations (20)- (22) show the characteristics of the converter.
where D 1 and D 2 are the control switches duty cycles for Buck and Boost, respectively. By analyzing the small signal of the first order AC component, the transfer function of the input admittance of the Buck-Boost converter are given below using the state space averaging method.
When D 1 = 1, The transfer function is input admittance for Boost mode, when D 2 = 0, is Buck mode.
The standard reference load is set by adjusting the ratio between input voltage and current of Buck-Boost converter. The state information of the receiver is fed back to the transmitter to estimate the mutual inductance state and load. Reflected impedance under standard conditions can be VOLUME 7, 2019 expressed as
where, w 0 is Resonance Angle Frequency, k 0 is coupling coefficient for standard position.
2) DECOUPLING CONTROL
In Figures 2, when Q 1 and Q 2 are on, the receiver is decoupled and the equivalent impedance is zero. Impedance reflected to the transmitter is infinite and the power transmission is zero. When Q 1 is turned on and Q 2 is turned off, the equivalent impedance is the largest. At this time, the reflection impedance is infinite and the power transmission is zero. After the delay of time t 1 in the standard reference load control mode, the transmitter determines the current coupling relationship and the receiver state, and the system enters the charging stage. When the battery voltage V L < V L,r , the Buck-Boost converter operates in switch mode, Q 1 is on and Q 2 is off, and the receiver works in CC mode through transmitter control.
When the battery voltage V L > V L,r , the Q 2 closes at the end of CC charging, the load is decoupled from the receiving circuit, and the receiver is short-circuited. At this time, the sudden change of reflection impedance leads to the sudden drop of I inv . The transmitter controller starts CV mode control, and Q 2 is off again after the delay time t 2 to CV charging.
When the charging end voltage is reached, the Q 1 is off and the transmitter stops output power. Turn-on and turn-off of Buck-Boost converter will affect the reflection impedance from receiver to transmitter and make I inv change. The change of I inv provides the switching state information of Q 1 and Q 2 , which can be used as a link between the power control of transmitter and the charging control of receiver. It satisfies that the transmitter controller can adjust the output value of receiver without bilateral wireless communication links.
B. LOAD ESTIMATE AND MODEL RECOGNITION
The transmitter controller measures I inv to estimate the load and mutual inductance changes, and judges the working state of the receiver. The inverter operates at ZPA resonant frequency and the controller adjusts from 180 • phase shift, which means that the minimum input voltage is applied to the transmitting coil. According to the requirement of the receiver, the power control unit uses phase shift control to adjust the I t and V C to keep the CC and CV working modes at the receiver.
The transmitter can control the power output according to the working mode of the receiver and the load demand. In order to achieve this function, the designed controller should be able to estimate mutual inductance and equivalent load, and then judge the charging mode of the receiving end. The control block diagram of load estimation and mode judgment strategy is shown in Figure 5 . Where, R x is the standard reference load of the receiver. According to (16) , the variability of reflection impedance comes from the movement of the receiving coil and the change of the equivalent resistance of the battery under certain system parameters. Equation (19) can be rewritten as follows:
From (25), the changes of R Leq and k can be mapped to the variety of I inv . When the system parameters and V inv are constant, I inv is proportional to k 2 and R Leq , respectively. The standard reference position is defined as: the transmitting and receiving coils with the same parameters are fully aligned and have the maximum transmission efficiency spacing. At this position, k = k 0 , V inv = V inv,r , R Leq = R Leq0 , the reference current I inv,r can be expressed as:
From (25) and (26) I inv could also be solved as
where k * is the normalized coupling coefficient, representing the deviation of the coupling coefficient between any position and the standard position:
Equation (29) shows that the coupling coefficient k at any position can be calculated by comparing I inv with reference current I inv,r . The influence of coil spacing on coupling is greater than that of lateral displacement in the condition of weak coupling, so the coupling coefficient varies within a certain range.
The Buck-Boost converter at the receiver starts to operate in the switching mode After estimating, and the R Leq at any time can be further estimated by substituting k into (26) . According to the characteristics of the equivalent impedance of battery charging, the working mode of the receiver is judged.
When I inv < I inv,r , R Leq < R Leq0 , V rec < V rec,r , the receiver has a constant current output characteristic, and the output current I o is determined by V inv .
The estimated value I o can be obtained by substituting the measured value I t into (10). Setting the reference value of output current in CC stage is I o,r . From (30), I t,r , the current of the transmitting coil, can be easily solved as
In CC working mode, I t = I t,r , when the transmitting coil current I t = I t,max , the power regulation control is started.
When I inv ≥ I inv,r , R Leq ≥ R Leq0 , V rec ≥ V rec,r , the receiver converts to CV mode. The output voltage V o of the receiver is related to the current I inv of the transmitter, as shown in (31).
Closed-loop control is needed during the CV operation mode to maintain the constant current output of the inverters in the whole load range. With the increase of battery SOC, the receiving power of load decreases gradually. The transmitter adjusts the power according to the demand of load power to meet the requirement of transmission efficiency.
In Figure 2 , the shunt capacitor voltage at the transmitter can be expressed as:
From (19) , the real part of the shunt capacitor voltage Re: (V C ) only depends on the output voltage V o of the receiver, while the imaginary part is independent of V o , but depends on the emission current I t . When V o changes with load, this change will be expressed as an increase or decrease of Re:(V C ). Therefore, the desired output voltage V o ,r can be obtained by controlling V inv to keep the capacitor voltage at a constant reference value Re : (V C,r ).
C. CHARGING CONTROL STRATEGY
According to the results of load identification and mode judgment, the transmitter high frequency inverter uses constant frequency phase shift control to make the receiver work in CC, CP or CV output mode. Output voltage of inverter for phase shift of ϕ is given by:
The current of the transmitting coil can be easily solved:
It can be seen from (34) that the output current of the transmitting coil I t is only determined by the phase shift angle and can be regarded as an ideal constant current source, so it can directly control the power output. When ϕ = 0 • , the maximum transmitting current is obtained. The output current of the inverter is determined by the load and phase shift angle, as shown in (35).
Equation (35) shows that the change of R Leq affects I inv and leads to the change of P DC . The working state of the receiver is determined by estimating the equivalent load, and the transmitter changes ϕ to adjust the output voltage of the inverter V inv to transmit power to the load. The input and output power of the system is shown in (36). The power is determined by the battery voltage and phase shift angle.
From (36), The input power actually varies with the output power. In CC mode, V inv remains constant and V o determines the power of the system and opposite In CV mode. ϕ can directly control the transmitting coil current I t and transmission power P t .
If P DC is smaller than limit value, only CC tracking control is applied in case it is higher, the CP tracking control is also applied. The control block diagram of CC and CP mode is shown in Figure 6 .
Because of the coupling relationship and load changes, the main goal of the algorithm is to achieve fast and accurate control of the transmitting current, keep the current at the set value according to the transmission power requirements, and control the maximum transmission power. Therefore, the current and power double closed-loop controller is used to dynamically control the phase shift angle of the inverter.
1) CC CONTROL
The inner control loop is a current loop with small inertia and fast adjustment. The emission current can be adjusted according to the estimated load to ensure the constant current charging curve of the battery. The current controller controls the voltage V inv of the inverter, outputs the transmitting current I t through the transfer function G iv (s) of the resonant compensation circuit and obtains the power P DC through the power transfer function G pi (s).
When charging starts, the startup controller quickly excites the system to generate the receiving current, and the current controller adjusts the phase shift angle to follow the reference current accurately. Since the initial control has generated a phase shift angle matching the desired transmitting current, the current controller will handle relatively small steady-state VOLUME 7, 2019 errors. The current controller only tracks the adjusting current rather than the whole start-up control, which greatly improves the operation stability and can quickly adjust the dynamic changes.
In order to realize the soft start of the system, load estimation does not work until ϕ decreases from ϕ 0 to ϕ 1 . Therefore, the smaller initial P DC and I t have no effect on load identification methods. When ϕ decreases to ϕ 1 , corresponding to large P DC and I t , load identification and mode judgment control begin to work. The transmitting current is affected by the disturbance of input voltage of LCC resonant circuit, and the transfer function is expressed as:
2) CP CONTROL
The outer control loop is a power loop, which describes the relationship between active power and current at the transmitter. The power controller starts working when the P DC reaches the limit value. The maximum transmission power is limited by adjusting the reference current of the current control circuit. The outer loop control is disturbed by the coupling coefficient k. When k becomes smaller, the P DC needs to be increased to maintain a stable output current. Considering the influence of load variation on DC power, the transfer function of power outer loop is as follows:
The power controller starts to work only when the P DC exceeds the limited power P DC,r , and further power increases are prevented by reducing the I t . The controller operation terminates when the P DC is less than P DC,r , and I t,r is determined by the estimated load value.
When the load changes dynamically, the reference current I t,r is generated by an adaptive proportional regulator, which correlates the reference transmitting current with its measured value.
3) CV CONTROL
The transmitter controller can adjust the output power by changing the transmitting current when the receiver is in CV mode, and the transmitting current is different for each variable load. The tracking current can be maintained by controlling the phase shift angle of the inverter. The transmitter controller forces the output current of the receiver to work at different load points, instead of using Buck-Boost converter to keep the optimal equivalent load. Control the transmitting current to follow the load to maintain constant output voltage and load power. Equation (17) shows that for a given system parameter, the output voltage V o of the receiver depends on the transmitting current It, and can be controlled by tracking current I r . The control strategy can be realized without communication between the transmitter and the receiver. Figure 7 shows the control block diagram of CV mode.
The change of load impedance can be compensated by adjusting the output voltage V inv of the inverter, so the transfer function can be expressed as
Voltage closed-loop control is used in the CV stage according to the feedback state of the receiver. The voltage controller outputs the voltage V inv of the inverter and the shunt capacitor voltage of the transmitter through the transfer function G vv (s). The estimated output voltage V o is compared with reference voltage V o,r , and the phase shift angle is obtained by PI controller input error to keep V C constant. The transmitter controls the output power of the inverter according to the state of the battery to achieve high efficiency.
The equivalent resistance R L of the battery increases, the charging current I L and the charging power P L decrease gradually in the constant voltage charging stage. When the battery reaches the charging end voltage, the Q 1 is off and the transmitter stop output power.
IV. RESULTS OF SIMULATIONS AND EXPERIMENTS
Both simulation and experiments are undertaken to verify the proposed closed-loop LCC compensated WPT system.
A. SIMULATION ANALYSIS
In order to verify the improvement of the proposed control method, the system is simulated and analyzed by using MATLAB/Simulink. The simulation parameters are listed in Table 1 .
The voltage and current waveforms of the system at the ϕ = 90 • phase shift angle are shown in Figure 8 . In Figure 8(a) , the output current of the inverter is slightly ahead of the voltage to achieve zero phase angle and ZVS operation, but with the increase of phase shift VOLUME 7, 2019 angle, the harmonic of I inv increases, which is not conducive to detection and control. The transmitter shunt capacitor voltage V c1 can be used instead of I inv as control variable. In Figure 8 (b) and 8(c), the voltage lag current is 90 • at the transmitter and the voltage lead current is 90 • at the receiver, so the resonant operation is realized. In 8(d), the output voltage and current are in phase and no reactive power from the power supply is required. Figure 9 shows the effect of different coupling on estimating R Leq . Figure 9 shows that the influence on R Leq estimation is more obvious with the increase of k. Under the same coupling condition, the accuracy of R Leq estimation decreases with the increase of load.
The control strategy is applied to simulate the CC, CP and CV operation mode. The coupling coefficient (mutual inductance) k = 0.1 (M = 17.4µH ) and the initial equivalent load are 5 . After startup, the phase shift angle is rapidly adjusted to ϕ = 120 • . System control simulation is shown in Figure 10 -12.
In CC operating mode, R Leq increases from 5 to 10 , the phase shift angle is adjusted to ϕ = 90 • . As can be seen from Figure 11 (a), the transmitting current I t = 24A, I o = 7.8A. The system can automatically realize the CC charging, and the P DC is lower than the P DC,r and keeps increasing continuously. Figure 11(b) shows that the output voltage V o increases from 152V to 184V during CC operation. Inverter current I inv and shunt capacitor voltage V C have good following characteristics. The receiver state can be estimated by detecting I inv . Therefore, if the P DC is less than the maximum value only according to the set value I tr to adjust the transmitter current and maintain automatic operation.
The transmitter current increases to I t = 30A when ϕ = 45 • , and the output current I o can compensate for the misalignment of the receiver and the variable of load to transmit more energy. At the same time, as the V o increases, the controller can set different transmitter current I t according to the different type of battery. If the I t is too high, the P DC may exceed the rated value. Figure 12 shows the current control process for a CV mode. As shown in Figure 12 (a), the transmitter current I t decreases by increasing the phase shift angle to maintain a CP mode when the P DC reaches a maximum of 1950W. From Figure 12 The output voltage of the receiver V o = 205V when R Leq = 10 , and then CV mode is start. The whole CC-CP-CV mode is shown in Figure 13 . Where, I o,CC = 10A, P DC,CP = 2kW , V o,CV = 215V .
In Figure 12 , I o,max = 11A, I t,max = 34.5A in CC mode when ϕ = 30 • , the output power P DC and voltage V inv continue to increase. When the output voltage of the receiver reaches the CV mode setting voltage V o,r = 200V , the Buck-Boost converter decouples and the output voltage V o becomes the minimum. At this time, the I inv and V C at the transmitter also reach the minimum value, and serve as the control mode conversion flags. After 0.1s identification, the CP mode enters the CV mode. Figure 12 (a) shows that the phase shift angle increases from 30 • to 165 • , the output current I o decreases from 10.7 A to 2.1A with the increase of R Leq in the CV region. The transmitter current It has a good tracking of the output current I o , and the output power P DC decreases from 1920W to 547W. In Figure 12 (b), I inv and V C have the same trend as the output voltage V o at the receiver. After decoupling identification, the output voltage keeps V o = 200.8V . It is verified that the load-independent CV output characteristic is realized by phase-shifting control of the transmitter at ZPA frequency.
B. EXPERIMENTAL ANALYSIS
To verify the availability of the proposed control method, the double-sided LCC compensated WPT system has been experimentally analyzed, and the experimental results are shown in Figure 13 . During the CC charging process, the equivalent resistance of the battery is 5 − 10 . As can be seen from Figure 13(a) , the voltage of the inverter is a full square wave, the phase shift angle is zero, and the output power is lower than the peak value. From 13(b), the output current remains constant and the output voltage go up at the receiver. The current and power of the inverters reach their peak value, and the phase shift angle is still 0 • . Thus, the maximum power is sent to the battery from the transmitter. Therefore, as the equivalent battery resistance increases, the inverters need to increase the phase shift angle to reduce the transmitter current and maintain constant maximum power operation. Figure 13(c) shows that the output voltage and current of the receiver are 210V and 10A, respectively. The phase shift angle is increased to 45 • through the control in the transmitter side that the transmitting current and power are kept constant below the limit value. Figure 13(d) shows the transformation flags given by the receiver decoupling control when the battery voltage reaches the CV charging reference value. At this time, the output voltage of the receiver is zero, and the output current of the inverter reaches the minimum. The transmitter controller enters the CV charging mode according to the transformation flags. The equivalent battery resistance is 10 − 90 at CV charging. The output current and voltage waveforms of the inverter and the receiver are shown in Figure13(e)-(f), respectively. It can be seen that the output voltage of the inverter is not full square wave, and the output current of the inverter and the output voltage of the receiver are kept constant by phase-shifting control.
Efficiency and power of the proposed integrated WPT system according to the k and load variation are shown in Figure 14 . The system has high efficiency in CC and CP charging stage, and the efficiency begins to decrease in CV charging stage. Through the experimental results, stable operation of each stage is identified, and the highest system efficiency is measured as 91.16% at the CC charging stage, and is maintained until the start of CP charging, after which the transmission efficiency begins to decrease.
V. CONCLUSION
An integrated control method of load estimation and power tracking is proposed in this paper to achieve CC/CV charging VOLUME 7, 2019 of LCC compensation WPT system. Firstly, through theoretical analysis, the LCC compensation topology can realize the charge of CC mode under ZPA condition, and get the relationship between the equivalent load and the current of the inverters. Then, a standard reference load is set at the receiver so that the transmitter can estimate the equivalent load by calculating the reflection impedance and detecting the output current of the inverter. Finally, according to the estimated load value and the conversion mark given by the decoupling control of the receiver, the CC/CV charging for LCC compensation are realized by PI controlled phase shift full-bridge inverter. The simulation and experimental results validate the feasibility of the proposed control method for whole load changes. The proposed WPT system can achieve a high efficiency at 91.16% with a 20-cm air gap when delivering 0.2 − 2kW to the load in different charging stages. JINGLU LIU received the B.S. degree in electrical engineering automation from Hohai University, in 2013, and the M.S. degree in measurement technology and instruments from Northeastern University, in 2015, respectively, and he is currently pursuing the Ph.D. degree in power electronics and drives with the School of Information Science and Engineering, Northeastern University, China. His current research interests include distributed renewable energy resources optimization and its applications in microgrids, smart grid, and energy internet.
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